Diversity in 39 HLA-A, -B, and -C molecules is derived from 20 amino acid positions of high variability and 71 positions of low variability. Variation in the structurally homologous a, and a2 domains is distinct and may correlate with partial segregation of peptide and T-cell receptor binding functions. Comparison of 15 HLA-A with 20 HLA-B molecules reveals considerable locus-specific character, due primarily to differences at polymorphic residues. The results indicate that genetic exchange between alleles of the same locus has been a more important mechanism in the generation of HLA-A, -B, and -C diversity than genetic exchange events between alleles of different loci.
Class I major histocompatibility complex glycoproteins are peptide-binding proteins that present processed antigens to cytotoxic T lymphocytes. The genes coding for these molecules are the most polymorphic loci known in higher vertebrates and for humans a total of 19 HLA-A, 37 HLA-B, and 8 HLA-C molecules have been defined (1) . Although the basic features of class I molecules are well defined (2) , accumulation of allelic sequences has been slow. The paucity of sequences has limited our understanding of the scope of the polymorphism, its function, and its generation. We present here a comparison of 39 HLA-A, -B, and -C sequences and a general assessment of their patterns of diversity.
MATERIALS AND METHODS
Genomic clones encoding HLA-A1, -B8, -B14, -B18, -Bw4l, -Bw42, -B44.2, -Bw65, and -Cw2.2 were isolated from the following cell lines: S. Gar (HLA-Aw24,3;B18,w41;Cw6), BB (HLA-Aw68.2,30;Bw42,w6S), FMB (HLA-AJ,32;$44,w57; Cw5,w6), MRWC (HLA-A2,32$JA,27;Cw2), MVL (HLAAw32;B27;Cw2), and LCL721 (HLA-Ai,2$.i,5). The cloned genes are underlined. Construction of libraries, isolation and identification of genes, and sequencing of genes with exonspecific oligonucleotide primers were as described (3) . Genomic clones encoding HLA-A1 and HLA-B8 were kindly provided by H. T. Orr (University of Minnesota) (4) .
RESULTS AND DISCUSSION
Variability in HLA-A, -B, and -C Molecules. Genes encoding HLA-A1, -B8, -B14, -B18, -B44, -Bw4l, -Bw42, -Bw65, and -Cw2 were isolated, and the exons were sequenced. The sequences of the HLA-B44 and HLA-Cw2 proteins each differ by 3 amino acids from identically typed molecules isolated from other cell lines (5, 6) . These represent distinct subtypes, and we have designated them as HLA-B44.2 and HLA-Cw2.2 compared to HLA-B44.1 and HLA-Cw2.1 for the published sequences (5, 6 (a,, a2, and a3) that interact with antigenic peptides, the T-cell receptor, and the CD8 molecule. As single residues predominate at most positions, a consensus sequence can be made (Fig. 1) . Individual molecules differ from the consensus by [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] residues, showing all have considerably diverged from a common ancestor.
Without knowing the total number of alleles, it is difficult to predict how many sequences are required to gain an accurate description of HLA-A, -B, and -C polymorphism.
As an empirical assessment, we compared the variability plot (23) obtained from all 39 sequences with the variability plot made from the first 23 sequences obtained (Fig. 2) . Comparison of the two variability plots reveals both similarities and differences. It is first helpful to define two distinct groups of polymorphic positions based on the magnitude of their variability. The number of polymorphic positions in the a3 domain and the magnitude of their variability are much lower than encountered in the a1 and a2 domains. This correlates with a suppression of coding substitutions in the exon coding for a3 compared to the exons coding for a1 and a2 (9, 10) and suggests that polymorphism in a1 and a2 is qualitatively different from that in a3. We, therefore, divided the positions of polymorphism in a1 and a2 according to whether their variability was greater or comparable to that found in a3.
Positions with variability >'5.0 are designated as high variability, and those with variability between 5.0 and 1.0 are designated low variability.
Comparison of the plots made with 23 (23, 24) . For this reason we have not designated these positions as having allelic hypervariability, although this nomenclature has been widely adopted in analysis of class II major histocompatibility complex sequences (25) . In conclusion, the pattern of polymorphism at residues of high variability is not greatly changed in considering 39 versus 23 sequences and is unlikely to undergo major change as further sequences accrue.
In contrast, a significant difference is found in positions showing low variability. The number of these residues increases from 58 to 71 when 39 sequences were compared to 23 sequences, and this number can be expected to increase as more molecules are sequenced. Although the modest variatTo whom reprint requests should be addressed.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Certain errors in translation in previous reports have been cor- rected (6, 11, 13) . tions at these "newer" positions of polymorphism do not greatly affect general assessments of variation, they commonly represent allele-specific residues and may be of functional and serological consequence. At this point we cannot reliably assess the total number of positions exhibiting polymorphism. Therefore, the assignment of positions as being conserved or monomorphic must remain tentative. In consideration of the total number of polymorphic positions, it is of interest that combining eight H-2K, -D, and -L sequences (2) with HLA-A, -B. and -C gives 127 polymorphic positions (46% of the total number of positions) of which 43 are specific to HLA, 36 are specific to H-2, and only 48 are held in common.
Variability in a, and a2 Domains Is Distinct. Although showing little homology in primary sequence the a, and a2 domains have a similar structure in three dimensions that consists of an amino-terminal region of (B-pleated sheet and a carboxyl-terminal region of a-helices. The four (-strands of each domain combine to produce a planar structure that forms the floor of the peptide-combining site (7). The ahelices lay on top of the (3-sheet and define the sides of the site. Despite their structural similarity, we find striking differences in their patterns of sequence variability. Greater diversity is found in the a-helical region of a, compared to a2, whereas the diversity in the (-strand region of a2 is greater than that found in a,.
The a-helical region of a1 has a cluster of 11 residues of high diversity (residues 62, 65, 66, 67, 69, 70, 71, 74, 76, 77, and 80), whereas only 2 residues are found in the corresponding region of a2 (residues 156 and 163). The accessible amino acid side chains of the a-helical regions have been divided into three groups according to the direction in which the amino acid points, (i) into the binding site and could interact with peptide, (ii) up from the binding site and could interact with the T-cell receptor, or (iii) away from the binding site (orange, yellow, or blue, respectively, in Fig. 1) (8 with 27 positions being polymorphic at the A locus alone and 21 being polymorphic at the B locus alone. Variation at many of the high-variability residues is predominantly the contribution of a single locus. At position 76 the variability is entirely derived from the A locus; at positions 45, 67, and 71, it is entirely derived from the B locus. Variability at positions 62, 65, 66, and 156 is predominantly due to HLA-A locus differences, and variability at positions 116 and 163 is due to HLA-B locus differences. The variation seen in a3 is primarily due to substitutions at the HLA-A locus. To quantitate the degree of locus specificity at positions of polymorphism, we calculated the number of amino acid differences between all possible pairs of sequences. The frequency distribution of these values was plotted, differentiating between comparison of products of the same or different loci (Fig. 4) (27, 28) . These findings initiated a debate as to whether this mechanism is the major generator of diversity for other class I genes (29, 30 (14) and for HLA-Aw24, HLA-A32, and various HLA-B locus molecules sharing residues 79-83 (12) . However, unlike H-2Kb mutants (27, 28) , that mechanism has not had a major impact in shaping the patterns of HLA-A, -B, and -C diversity. H-2Kb has an unusually high frequency of mutation compared with other H-2 genes and may represent a special haplotype in which the rate of gene conversion is unusually high (31) . Alternatively species differences in the nature of class I diversification may exist as suggested by the lack of locus-specific residues in H-2K, -D, and -L (2). Finally it must be emphasized that these results do not provide information on the relative rates of genetic exchange between loci and alleles as we have only studied those molecules that have been selected and fixed in the human population.
Functional Implications. This analysis indicates that all or most of the positions of high variability in HLA-A, -B, and -C have been identified. With one exception they appear to be directly involved in the peptide-binding site as defined by the structure of HLA-A2 (7, 8) . These substitutions will undoubtedly alter the repertoire of peptides and T-cell receptors that functionally interact with HLA-A, -B, and -C molecules. In addition many positions of the a,, a2, and a3 domains that do not line the peptide-binding site show low variability. These polymorphisms may also affect the affinities for peptides and T-cell receptors through conformationally induced, and perhaps more subtle, changes in the sites of interaction. The finding that patterns of polymorphism at the HLA-A, -B, and -C loci are different suggests there is functional diversification between products of these loci that may have evolved to bind structurally distinct groups of peptides or T-cell recep-
